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Abstract

We present results of concurrent maximum likeli-
hood restoration implementations with spatially-variant
point spread function (SV-I’SF), exhibiting performance
superior to restoration with invariant | SF. We realize
concurrericy on a network of unix workstations, and a
SV-PSF modecl from sparse ’'SF reference information
by means of bilincar interpolation. We then usc the
interpolative I’SI miodel  to implement several different
SV-1’SF restoration methods. These restoration meth-
ods arc tested on a standard 11 ubble Space Telescope test
case, and the results arc compared on a computational
ceffort /restoration performance basis.

1 Introduction

Consider anoptical (intensity) field O(x') incident
onan optical system as a function of the source: point X'.
The optical system produces an image I(x), a {function
of field point x. The impulse response or point-spread
function (I'S1%) of the opticalsystem, I’(x, X'), isin gen-
cral a function of both source and field location, and
rcelates O and 1

(X)) = /()(x')]’(x,x')dx'

P(x, X') is interpreted as the probability density that a
photon incident from source location X' intersects the
detector at field location x. Typically we measure a dis-
crete image I (x, ), some average of J(x) over a discreie
grid x,,. If we wish to estitnate the origina optical ficld

it is necessary to do it over a discrete source space x', .
The quantized form of the imaging equation is:
1
16 (X0 = YO0 (X D) 1y (xg,%' ) ()
x'q

where Oy and Py represent averaged values over the x/,,
grid intervals.

Equation 1 and an assumption of PPoisson photon
statistics is the basis for the Richardsoni-laucy or Maxi-
mum Likelihood estimator for O, (x',) (Richardson 1972,

17phe INAppIng between quantized source and field spare is
arbitrary. Howe ver, it is convenient to consider the two spaces
quantized by the sane grid the discrete detec tor This
convention will be used in this paper.

ILucy 1974). Richardson-Lucy is an iterative method
where two comnputations similar to EQ. 1 are performed
in cach iteration. For large PSF direct calculation of
Eq. 1is computationally intensive, however considerable
savings iS obtained if the PSE dots not) vary with source
and ficld location individually, but only as the difference:

])‘l(xq’x’q) = Py(xqg - X))

In this case the PSY is said to be spatially-invariant,
ig. 1 is a (discrete) convolution, and can be efliciently
comjouted in the Fourier domain, A spatialy-invariant,
PSF model and Fourier-domain convolution is the basis
for most practical implementations of the Richardson-
Lucy algorithin. However, when the PSEF has significant,
spatially-variant character the assumption of aspatially -
invariant PSF inan estimation of O,(x'y)can result
in sig nificant error.  We are thus compelled to con-
sider iinplementations of Richardson-Lucy that relax the
spatially-invariant assuinption (Adorf 1994). Inonc of
our cc instruct ions we alow the PSE to vary from pixcl
to pixel, requiring that the convolutions be performed
in the spatial domain.  As Richardson-TLucy is compu-
tation ally intensive even with convolutions implemented
inthe Fourier domain, a conventional single-processor
spatially -variant implementation is infeasible; a imple-
mentation that utilizes the large amount of concurrency
available in the method is dictated by practical consid-
crations.

2 Thnaplementation

2.0.0.1 Spatially- Voriant PSF Model The efficacy of
any deconvolutional restoration technique is eventually
litnited by the fidelity of the PSE. In principle the PSF
for any optical systern is continuousl y spatially vary-
ing across the focal plane. The Hubble Space Telescope
Wide Fied/I'ldlct31 v Camecras (W¥/PC-land I$FTC-
2, XXX and 13urrows 19{)4 respectively) strongly exhibit
this spatially-variant PSF trait). In practice wc arc often
limited in the number and coverage of the reference PSFs
for a particular image. We thercfore have implemented
an int erpolative PSF model that computes the PSE for
an ar bitrary hmage location based on an (possibly irreg-
ular) grid of reference 18Fs and a bilinear interpolation
schenme (Press et ol 1 986). Thismethod assures conti-
nuity in our model of the I’SF across the focal plane



with a sparse sampling of reference data. Intesting with

computati onally-csti mated | *SFs we obscrve this inter-
polation model to the follow the simulated I’SF faith-
fully.

2. 0. 0. 2 Concurrency in the Richardson -Lucy Mcthod
Concurrency in the Richardson-Lucy method is accom-
plished most simply by a systematic division of the im-
age to be restored (Trussel & Hunt 1 978 b). only pixel
values that arc spatially within the size of the PSF are
interdependent. Thus an arbitrary division of the image
into segments with appropriate overlapping guard bands
allows cach segment to be processed independently. Tn
practice the minimum segment size is on the order of the
PSFE diameter this is driven by the surrounding guard
band which isaP’SF radius in sire.

To realize this concurrency our Richardson-Lucy im-
plementation uses the popular public-domnain Parallel
Virtual Machine (1°VM) communications package (Geist
1994).PVM allowed us toimpleinent a Richardson-Lucy
restoration engine, and then spawn a large number of
these engines cach restoring scparate image sections on
a heterogenicous set of unix workstations. ecause 1’VM
has implementations on MPP multicomputers, the same
code is dircctly portable to machines such as the Intel
Paragon and Cray 131).

2.0. 0. 8 Methodology We consider three methods to
accomplish a spatially-variant PSF model.  The first
is simply a straightforward implementation of a fully
spatially-variant PSE in the Richardson-lucy iterations
utilizing the interpolative PSEF model (Method 1). As
stated above, thisrequireslig. 1 tobe directly evauated
inthe data domain. The sccond method is to perform
Richardson-lucy on individual image segments assum-
ing a constant PSE (Trussel & Hunt 1 978a, 1 978b), but.
cvaluate cach segment 1 *SF at the center of the segment
from the interpolative model, with the convolutions per-
formed in the Fourier domain (Mcthod 2a). For ref-
crence we dso include results of where the PSF is not
interpolat ed, but just set to the nearest available refer-
ence vatue (Method 2b). The third method is a vari-
ant of the Trussel & Hunt method proposed by Adorf
where theimage is restored twice on segmentation grids
that arc oflsct from each other by half a segment sizc
(Adorf 1994) (Mcthod 3). The output of this method
is a radial distance-we ighted interpolation between the
two restored image estimates. This weighting makes the
interpolation between the two grids lincar. Again, the
PSF within cach of these segments is taken as spatially
constant, so convolutions arc evaluat cd in the Fourier do-
main. Finally, as an additional reference we also restore
the entirc image with a spatially constant PSF (Met hod
0). In dl the restorations WC USC an accelerated imple-
mentation of Richardson-lucy as the restoration engine
(Kaufinan 1987, Holmes & Liu 1991, Hook & Lucy 1992).

2.0.0.4 Test Data For test purposes we use a simu-
lated observation of a star cluster hy the (pre-repair)
FHubble Space Telescope (H S'1') Wide Field/Planctary

Camera 1 (WF/P - 1). The simulated test case contains
470 st ars on a 256x256 pixel section of a wide field CCD,
and includes shot noise and Gaussian CCD read noise
characteristic of WF/PC-1. The PSF of the WF/PC-1
is spatially-variant and broad in extent due to thel flaw
inthe 11ST primary mirror. Tomodel this effect the
test case comes wit h a five-hy-five grid of 60x60 pixel
reference PSFs. T'he PSE reference grid uniformly cov-
crsthe simulated image. Both the test case and the I’'SF
reference grid samiples were calculated using the Space
Telescope Science Institute’s HST PSE simulator, Tiny-
Tim (Krist 1994).

3 Results

R estorations of t hesimulated data were made with
spatially-invar iant and spatially-variant I'SF models with
our 1{ ichardson-I .ucy code at three different iteration
limits (n = 100, 2(K), 1000)" by the varicty of meth-
ods described above (except for the fully-varying spa-
tial domain convolution Method 1 sce below). For the
spatially -invar iant restoration (Method O), the PSF used
was t he PSF corresponding to the center of the 256x256
imagc.

Both spatially-variant and spatially-invariant restora-
tions were seen to yield subjective improvement in im-
age guality. H owevar , some residual  artifact structure
is evident in the spatially-invariant restorations with re-
spect to the spatially-variant restorations and the truth
reference. This is depicted in Figure 1, which shows
the restoration of auisolated bright star with spatially-
invariant and spatially-variant PSF models.  Objec-
tively we measured t he restoration performance using
two scalar figures of merit. The first is the signal-to-noise
ratio (SNR) | retween the restoration estimate image and
the t1 uth reference image, defined as:

SN = 20log, < 2 truth )

>o; ftruth; — estimate;]

where the sun 1sare computed over al pixels. The second
is the average photomectric accuracy for asclection of N

stars in the test case, defined as:
SN Jtruthi- estimate:|
> e 1. i truth;
Py =1 N

where the sum is computed only over star-occupied pix-
cls.

Mecthods 2a and 3 arc sensitive to the segment size
chosen for the restoration. Consequently, in 1'able 1 wc
report the relaive computational effort (in units of the
complexity of Method ()), measured SNR, and photomet-
ric accuracy performnance for segmenting the input data
in 32x32 pixel segments (plus appropriate guard bands).
We scparately '¢port average photometric performance
for all 470 stars inthetest case, the 100 brightest stars,
and t he 100 dimmest stars.

We ran the restorations on a suite of roughly 30
Unix workstations, amixture of Spare 2, 10, and 20 and
SGI 1 ixtreme 11 machines. The fully spatially-varying



restoration requiring spatial-doinain convolution ran 100
iterations in roughly 28 hours more than a CPU-month
on a single workstation. The corresponding piccewise-
constant single grid ’SF restorations allowing Fourier
domain convolution ran in roughly 7 minutes. This fac-
tor of roughly 225 differencein throughput performance
per iteration can be attributed to the large diflerence in
computational complexity between spatial and Fourier
domain convolution with] the large 1 *S} s of this test, case
(60x60), and the inline interpolation code used to evalu-
ate the PSF at arbitrary image location from the sparsc
reference data

It is clear from Table | that the usage of a spatially-
variant model (Methods 1, 2a, 2b, 3) yields supcrior
results to a constant PS¥ assumption (Mcthod 0). It
is also clear that from the standpoint of a complex-
ity /performance tradeofl the interpolative spatial do-
main convolution method (Method 1) can be rejected in
favor of piccewise constant variants (Methods 2a, 2b, 3),
atl least, for optical systems with WI~/P{;-like variabil-
ity in their PSF. The use of the interpolative technique
to cstimate the PSI at. a finer resolution than sparse
reference data (Method 2a vs. Method 2b) is also seen
to yield superior results at no additional computational
overhead (on the scale of the convolutions that dominate
these computat ions). IFinally, the double-grid restora-
tion method suggested by Adorl (Method 3) is seen to
enhance performance over asingle grid restoration at the
expense of roughly twice the computational effort.

The relative performance of thesingle grid (Method
2a) and double grid (Mcthod 3) restorations suggest, the
following question: how dots the double grid method
comparc to the single grid method at similar levels of
computational ¢ flort? Table 2 gives comparative data
between single grid method (Method 2a) run at (34x64,
32x32, 22x22, and 16x16 pixcl (plus guard band) seg-
mentation, and the double grid (Method 3) performance
at 32x32 pixcl segmentation from ‘1'able 1. Inparticular
the single grid 22x22 pixel segmentationrun  corresponds
roughly with the complexity of double grid 32x32 pixel
segmentation. As can be scen in Table 2, the single grid
restoration yields nearly identical (actually dlightly bet-
ter) performance to the double grid restoration at the
same computationalload. We also observe that contin-
uing to push the single grid technique did not result in
superior performance. Thisis evidence of a limitation of
the interpolative PSFK model with the fiv(!-by-five PSF
reference grid in this test case. Additional PSF refer-
ence data would change the segmenitation when this phe-
nomenon becomes apparent, and improve the restoration
results.

4 Discussion

Clearly insituations where the 1 °SF spatially-variant,
restorations that model this spatial behavior will pro-
vide better subjective and objective performance. In
this work we have demonstrated massively concurrent
Richardson-Lucy implementations with spatially-variant
PSI® that dots exhibit superior fidelity to a spatiall -

invariant restoration in a WF/PC-1 test case. SNR im-
provements of roughly 8 db arc seen with (essentially)
no increase in computational load, and further effort im-
proves the results. Massively concurrent computational
techniques provide the throug hput necessary to general-
ize the Richardson-T.ucy algorithm to a SV-PSF model
in accessible runtimes using public domain software and
ordinary hardware.

Several of us went into this ¢ flort with the expec-
tation that if enough computational power could be
brought to bear on the problem, a fully spatially-variant
PSF  necessitating convolutions evaluated in the spa-
tial domain - would yicld superior results and justify the
additional eftort. Our results indicate that this is defi-
nitely not the case. Jndeced the performance of the fully
SV-PSF is dlightly better than the performance of the
piecewise-constant mnethod at the same iteration count.
However, the rcsultsin this WF/PC-1 test case would
indicate that the PSEF dots not change enough on the
scale of a fcw tens of pixcels to justify the massive addi-
tional cflort; one is far b ctter ofl trading a more accurate
PSFnodel for a less accurate one and more restoration
iterations. This conclusion is sensitive to the accuracy
of theinterpolative SV-PSF model used in our testing.
Given that we sce the resolution limitations of the in-
terpolative PSF model inour test it is conceivable (but
unlikely) that this conclusion would change.

Our results suggest that while Aclorf-style clouMc
grid restoration performs well, there is no performance
advantage over single grid restorations at similar com-
putational levels. However, the question of single grid
vs. double grid restoration is an interesting one, because
double grid results are sensitive to the form of the weight-
ing function used tocompute the final result from the
two intermediate results (Adorf 1994). As mentioned
alove, the interpolation weighting function used in these
results is esscntially lincar. This lincar form is a reason-
able hut not necessarily optimal choice, so it remains
au open question whether the double grid mcethod is of
potential value in SV-PSF restoration.

The work described in this Paper was performed at
the Jet Propulsion Laboratory, California Institute of
Technology under a contract with the National Aero-
nautics and Space Administration.
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Fig. 1.- Subjective Comparison of Spatially-Invariant
and Spatially-Variant Restoration Performance. Left:
restor ation of anisolated bright, star with
spatially-invariant PS¥F. Right: same star restored with
spatially-variant 1°SF. Theimages are shown at high
legal ithmic streteh 1o amplify low-level detail. The
spatially-variant restoration results in better
radiornetric accuracy and fewer restoration artifacts.



R-1, Restoration Number Relative SNR |  Photometric Accuracy (%)
Method TIterations | Complexity | (db) [ All Stars | Top“loo | 1 3ottom 100

| None (Sim.Yxp.) 0.7916 21.42 12.19 26.13

I 100 0.5 18.14 76.03 91 .87 59.13

Mcthod © 200 ] 18.47 77.95 92.72 60.03

1000 b 18.55 78.40 92.94 58.67

Method 11 100 112 25.00 78.52 93.86 61.43

100 0.5* 24.62 78.48 93.85 61.62

Method 2a 200 I* 26.26 8134 95.05 64.78

1000 5 26.74 82.15 95.41 65.26

100 0.5% 24.27 78.30 93.64 61.41

Method 2b 200 I* 25.86 81.18 91.80 64.66

1000 5* 26.34 81.95 95.16 65.10

o 100 0.5* 24.67 78.25 93.73 61.20

Method 3 200 2.3 26.34 81.33 95.11 64.60

1000 I 26.84 82.17 95.53 65.18

Table 1: Comparative Restoration Performance: WF/PPC-1 Star Cluster Test, Case. T'his table gives a performance
summary of the restoration cases described in this work. The relative computation: @ complexity values are given in
units of thesingle I'SF reference method (Method 0) runtime for 200 iterations on a 30 machine ensemble, roughly
15 minutes. The values with astericks arc approximate intheory the PSI interpolation calculations add to the
computationalload, but this is dominated by the convolution calculations inthe1estoration.

R-1, Restoration  Number Relative | SNR Photometric Accuracy (%)
Method Herations | Complexity | (db) [ All Stars | Top 100 | Bottom 100 |

"~ Method 2i 200 025 | 25.51 80.83 94.88 64.54

64x64 Scg. 1000 1.25 26.01 81.83 9528 |  64.80

Mcthod Ja - 200 |1 |'26.26 81347 9500 | 64.78
32532 Scg. 1000 8 2674 | 8215 95.41 65.26

|~ Method 28 2001 23 26.44 81.36| 9512 | 6484
22X@2 Scg 1000 u 2101 | 8234 | 95.60 65.71
" Method 20" 200 4 ] 2633 8127 | 9511 | 6457 |
16%¢g. Scg 1000 20 27,00 82.29 95.57 6540

Method 3 200 2.3 26.34 8133 | 9511 | 6460
32532 Scg 1000 11 26.84 82.17 95.53 65.18

Pable 2: Comparative Restoration Performance: Single Grid vs. Double Grid SV-PSF Methods. Here relative
performan ce numbers are given single grid SV-ISF restorations (Method 2a) at a varicty of computational sizes, and
compared with the results of the double-grid method (Method 3). Again, complexity figures are givenin units of 200
iterations of Method O. We find similar restoration performance for similar computational levels with both the single
and double grid mmethod.
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